Introduction
Photonic liquid crystal fibers (PLCFs) combine unique properties of photonic crystal fibers (PCFs) and liquid crys− tals (LCs). Transmission properties of PCFs can be tailored in a wide range by changing their microstructured cladding geometry. Dynamic tuning can be obtained after infiltration of the fiber micro holes with substances which optical prop− erties could be easily modified by external factors. Liquid crystals belong to the most interesting materials for such ap− plications due to the high sensitivities to temperature as well as to other external physical fields. Thermally, electrically, and optically tunable microstructured fibers filled with LCs have been recently reported [1] [2] [3] [4] [5] .
Optical fibers with dynamically tunable transmission properties could find many practical applications. One of the most interesting potential applications of the fibers with tunable birefringence is their ability to dynamically com− pensate differential group delay (DGD) that occurs between both orthogonal fiber mode components in telecommunica− tion lines. However, the most suitable application seems to be an optical fiber with the possibility not only of birefrin− gence modification, but also of the reverse of its sign.
Birefringence in PCFs usually results from accidental asymmetries in the cladding−hole lattice or from intentional manipulation of the core and/or cladding structure [6] [7] [8] . In characterization of PCFs, one practical issue is the birefrin− gence measurement. There are two types of birefringence, the phase birefringence B(l) and the group birefringence G(l) defined as
In general, the phase and group birefringences can have different values and therefore it is important to be able to measure them both [7] [8] [9] .
In this paper we experimentally demonstrate tunable bi− refringence in a commercially available highly birefringent photonic crystal fiber (HB PCF) filled with nematic liquid crystal. We also present results of multipole method calcula− tion of birefringence changes in this fiber.
Materials and experimental methods
A commercially available Blazephotonics PM−1550−01 highly birefringent photonic crystal fiber (HB PCF) has been used as a host to be infiltrated with liquid crystals (Fig. 1) . The geo− metrical properties of the HB PCF are as follows, pitch (spac− ing between adjusted holes) of 4.4 μm, large holes diameter of 4.5 μm, and small holes diameter of 2.2 μm. The PLCF based on the Blazephotonics PM−1550−01 fiber had only two large holes infiltrated with liquid crystals [ Fig. 1(b) ].
To fill only two big holes of the fiber we used a conven− tional fusion splicer to collapse smaller holes in the PCF cladding, but the two bigger still remained open. Then, the bigger holes were filled with the LC and finally the col− lapsed region of the PCF was cut off. LC infiltration of only two big holes creates a kind of trade−off between the empty PM−1550−01 fiber and triple−defect HB fibers [10] .
We used a 42−cm long PM−1550−01 photonic crystal host fiber in which only a 2−cm long section was filled with the guest nematic LC by using capillary forces. Due to the fact that the host PCF is almost insensitive to temperature [11] , any temperature−induced birefringence changes ob− served in the whole fiber result only from the PLCF section.
The host PCF was filled with the 1110 low−birefrin− gence nematic LC mixture synthesized at the Military Uni− versity of Technology in Warsaw. The 1110 liquid crystal− line mixture was synthesized according to the route pre− sented in detail elsewhere [12] , and optical properties were described in Ref. 13 . Thermal characteristics of its refrac− tive indices are shown in Fig. 2 . Since the ordinary refrac− tive index of the 1110 mixture is lower than the silica glass refractive index, after infiltration the whole spectrum of the input light can still be guided in the PLCF by the modified total internal refraction (mTIR) mechanism. From our pre− vious observations it seems that LC molecules are generally oriented (by flow) along the fiber axis and consequently, light propagation depends mainly on the value of the LC ordinary refractive index [4, 5] .
The experimental setup for measuring the group bi− refringence of the PLCF is shown in Fig. 3 . A linearly polar− ized broad−band light is coupled to the sample composed of two sections, 40 cm of the empty PCF and 2 cm of the PLCF. The output optical signal was analyzed by using the Ocean Optics fiber optic spectrometer HR4000 (resolution of about 0.25 nm). The Peltier module was used to heat the PLCF sample and temperature was controlled with the Tes− to 735 precise thermometer (0.05°C resolution and 0.1°C accuracy).
Experimental results
Initially, both the group and phase birefringence of the empty PM−1550−01 fiber were measured. As a light source we used a high−power halogen lamp followed by a broad− band polarizer to polarize the light launched into the HB photonic crystal fiber. Second, a polarizer was placed be− tween the PM−1550−01 fiber and the spectrometer probe to analyze the light that passes through the fiber. Due to the fact that PM−1550−01 fiber is highly birefringent, the output state of polarization is wavelength dependent and as a result a modulation in the transmission spectrum can be observed. Wavelength spacing between neighbouring peaks (maxima) Dl depends on the group birefringence and the fiber length L. Hence, the value of the group birefringence G can by cal− culated by using the following formula [8, 9] 
where l is the centre wavelength between two peaks. It must be mentioned that observation of the modulation in the output spectrum is possible only if the fiber length L is appropriately tuned to the spectrometer resolution. In our case we used short sections (from 3 to 8 cm) of the PM−1550−01 fiber. To calculate the phase modal birefringence B from the group birefringence G, an assumption concerning the wave− length dependence of the modal birefringence is necessary. For conventional stress−induced HB fibers this is simplified, because the modal birefringence is mostly independent of wavelength, and therefore the derivative term in Eq. (2) van− ishes and the group and modal birefringence are equal to each other. However, in the case of HB PCFs, the wavelength de− pendence cannot be ignored while evaluating the phase modal birefringence. It has been observed that the wave− length dependence of the modal birefringence in HB PCFs often follows an empirical power−law dependence of the form B = al k , (where a and k are the constants to be deter− mined) [14] [15] [16] . Substituting this assumption into Eq. 2 gives Thus, the value of the phase birefringence B = al k can be calculated. Of course, this method of the phase birefrin− gence calculation is accurate only if assumption of the power−law dependence is correct. Based on numerical simu− lations presented in next section, it follows that this assump− tion is valid for the empty PM−1550−01 fiber.
In the next step we selectively infiltrated, with the 1110 nematic LC mixture, a 2−cm section of the 42−cm long PM−1550−01 fiber. Due to the fact that the ordinary refractive index of the 1110 LC mixture is lower than the refractive in− dex of the silica glass, after infiltration every wavelength was still be guided in the fiber core by the mTIR mechanism. In Fig. 5 , typical spectra observed at a narrow temperature range are presented. As it can be seen, density of the peaks in− creases with the distance from the characteristic wavelength l 0 . A similar behaviour was observed and analyzed in a tan− dem configuration of a birefringent crystal and a highly birefringent fiber, where optical path difference (OPD) at the specified wavelength l 0 was exactly the same for both, the crystal and the fiber [17] . Similar spectra were also observed in the tandem configuration, where the OPD of the fiber was compensated by the Michelson interferometer [9] .
The results obtained may suggest that for the wave− length l 0 »675 nm the OPD of the 40−cm−long section of the empty PM−1550−01 PCF was equal to the OPD of the 20−mm−long section of the same fiber but filled with the 1110 nematic LC mixture (at the temperature of~29°C, for different temperatures l 0 may be different, too). This com− pensation effect suggests that the group birefringence of the PLCF is~20 times higher than the group birefringence of the empty PCF (as measured at the wavelength 675 nm) and the birefringence axes are reversed.
To calculate exact value of the group birefringence of this sample Eq. (2) cannot be used, since the measured sam− ple was composed of two different HB fibers, the 40−cm long section of the empty PM−1550−01 PCF and the 20−mm long section of the PLCF.
The phase difference between two orthogonal polariza− tion modes induced by the cascaded configuration of two different HB fiber sections can be expressed as follows
where B i and L i signify phase birefringences and lengths of both fiber sections (i = 1 for PCF and i = 2 for PLCF). By differentiating Eq. (5) with respect to the wavelength we ob− tain (6) where G i is the group birefringence. Taking into account that the distance between two peaks Dl corresponds to a 2p phase change, group birefringence of the PLCF section G 2 can be expressed as follows
The function sgn (Dj) introduced in Eq. (7) is necessary since Dj can be either positive or negative if B 1 and B 2 are of the opposite signs. In the special case Dj can be equal to zero, when the optical path difference (OPD) introduced by the first fiber (PCF) is compensated by the second fiber (PLCF) (l 0 » 675 nm in Fig. 5.) Hence, it is possible to calculate the group birefringence of the PLCF section if the group birefringence of the empty PCF section is known. By using Eq. (4) and the results shown in Fig. 4 we calculated the group birefringence at three different temperatures (Fig. 6) . It was found that the group birefringence of the PLCF depends on temperature and its value is about 20-30 times higher then the group bi− refringence of the unfilled photonic crystal fiber. Moreover, fast and slow birefringence axes in the PLCF and in the empty PCF are reversed. This behaviour can be attributed to the fact that the LC−infiltrated PCF resembles the triple−de− fect−core geometry of the HB PCF [10] .
Temperature−sensitive group birefringence of the PLCF is~20-30 times higher than group birefringence of the PCF and is of the opposite sign. 
Numerical simulations
In this section we present results of the group and phase bi− refringence numerical simulations for the PM−1550−01 PCF in which the refractive index of inclusions within two big holes was varying from 1.0 (empty) to 1.45 (refractive index of the PCF). Multipole method was used for simulations [18, 19] implemented in the CUDOS MOF Utilities software [20] . Although the multipole method is fully vectorial it did not allow us to implement material anisotropy for the filling material.
In the single simulation step we were able to determine effective refractive indices for both orthogonal components of the fundamental mode b x and b y . By repeating simula− tions for different wavelengths it was possible to determine dispersion of the phase birefringence B (see Eq. 1). Then, by fitting B by a polynomial function it was possible to calcu− late the group birefringence G by using Eq. 2. Figure 7 presents two typical mode profiles obtained in the simulations, for empty fiber and for fiber with two big holes, their refractive index close to the refractive index of the silica glass. It is evident that the mode area is growing with the increasing refractive index of two big holes.
Initially, an increase in the refractive index of two big holes causes a decrease in both, phase and group bire− fringences (Fig 8 and 9 ). An interesting situation occurs when the refractive index of two inclusions is equal to 1.4. In this case the phase birefringence is positive for every wavelength considered in the simulations, but the group bi− refringence is changing its sign at the wavelength close to 1400 nm. group birefringence calculation method described in the previous section has a limited application and it should be used very carefully. However, for the empty fiber and for the filling index equal to 1.45 (triple defect fiber, as in Ref.
10) the assumption that B = al k is quite accurate. Taking into account experimental results presented in the previous section, two major observations can be made. First is that the experimental results for the empty fiber is in a very good agreement with results of the simulations.
However, comparing experimental results of the ther− mally tuned birefringence (Fig. 6 ) with the numerical data in Fig. 11 we notice nearly two orders of magnitude discrep− ancy. There are a few factors that could explain this effect. First is that by using the multipole method we were unable to define material anisotropy for the inclusions. We as− sumed that the PCF is filled with an isotropic medium, ne− glecting the fact that liquid crystals are characterized by very high optical anisotropy in comparison to the silica glass. Moreover, molecular orientation of liquid crystals could also have some impact on modal birefringence but it has not been taken yet into consideration in the simulations. Finally, there is a significant difference in attenuation of both materials, which could be responsible for a kind of additional birefringence.
Another possible explanation of this mismatch between the experiment and simulations relies on the fact that at visi− ble wavelengths the investigated PLCF is not a single−mode fiber and thus it is possible that a compensation of the group birefringence observed in the experiment results from the intermodal birefringence.
Conclusions
It this paper thermally tunable birefringence in a highly birefringent photonic crystal fiber selectively filled with a liquid crystal was experimentally demonstrated. The value of group birefringence of the LC infiltrated PCF was about 20 times higher then in empty PCF, but this value is rather connected with intermodal PLCF birefringence.
The results of the multipole method simulations are in a very good agreement for the host HB PCF, but significant difference was reported for the photonic liquid crystal fiber. It seems that it is necessary to use a simulation method which would take into account high optical anisotropy and high losses of liquid crystals. However, the results of simu− lations could be used for analysis of the fibers filled with other isotropic substances.
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